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SUMMARY 


Single-element  or  multiple-element  hydrophones  t’sed  yith  moored  or 
drifting  sonar  systems  are  suspended  by  complex  arrangements  of  long  or 
short  cables  of  circular  cross  section.  These  cables  are  usually  exposed 
to  relative  water  flows  in  the  1/4-  to  3-kn  range,  caused  by  in  situ  cur¬ 
rents  or  induced  by  the  capricious  effects  of  wind  and  waves. 

The  water  flowing  past  the  cable  induces  periodic,  transverse  vibra¬ 
tions,  commonly  called  "cable  striding. "  This  strumming  is  initially 
excited  by  localized  low-pressure  zones  along  the  side  of  the  cab’le.  The 
zones  alternate  periodically  from  side  to  ^ide,  thereby  producing  alter¬ 
nating  side  thrusts.  Hie  zones  are  related  to  the  flow  separation  and 
vortex  formations  near  the  bass  of  the  cable  (cylinder) .  Vortices  are 
shed  into  the  flow  wake  and  form  on  alternate  sides  of  the  flow  center- 
line  (von  Karman  vortex  wake).  Hie  strumming  of  the  cable  interferes 
with  sonar  functions  by  causing  pseudoacoustic  signals1  from  the  hydro¬ 
phones  and  adverse  cable  drag2. 

RESULTS 

flexible  cable  drag  coefficients  can  be  determined  to  within  10  per¬ 
cent  by  measuring  the  cable  drag  angle  of  a  towed  streaming  cable  with  a 
terminal  weight  standard. 

A  tractable  analytical  drag  model  was  formulated  to  express  the  nor¬ 
mal  strumming  drag  coefficient  Cds  in  texms  of  the  normal  drag  coefficient 
C$,  cable  diameter  d,  and  mass  per  unit  length  mc  of  the  cable.  The  model 
represents  the  strumming  cable  as  a  circular  cable  with  a  larger  diameter, 
termed  the  virtual  diameter.  Hie  expression  for  the  strumming  drag  coef¬ 
ficient  has  the  form, 


CDs  -  CD  [1  ♦  a(  ^)*  +  °), 
c 

Verification  of  this  concept  is  shown  for  cables  with  different  diameters 
and  different  values  of  mass.  The  best-fit  values  for  the  constants  are  a  » 
10  and  a  *  1.  Kith  s  nominal  value  of  0.135  ft4/lb-sec2  for  d2/mc  an  approx¬ 
imate  criteria  for  the  s  trimming  normal  drag  coefficient  is  38  percent 
higher  than  that  of  a  circular  cylinder. 


y.  Dale,  J.  R.  and  Menxel,  B.  f?.,  Deo  1965;  FUm  Induced  Oscillations 
of  Hydrophone:  Cable a;  SAVAIRDEVCEN ;  2Srd  Naval  Undewater  Sound 
Symposium  Proceedings;  OUR  Rpt  ACR-115  Paper  3A6  Pg  411, 

2.  Dale,  J,  R,t  Deo  1966;  Eydrodynanio  Analysis  of  the  AR/SSQ-41 
Sonobuoy  Hydrophone  Suspension  System;  NAVAIRDSVCEN  Report  No, 
NADC-AE-3636. 
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CONCLUSIONS 

Transitional  nominal  variations  it?  the  drag  coefficient  of  30  percent 
are  shown  tc  correspond  to  tone  effects,  characteristic  :>£  a  strumming 
cable  in  a  varying  flow.  These  transitions  occur  at  discrete  water  Vel¬ 
ocities  for  a  given  cable  length  and  can  be  defined  by  the  classical  string 
oquaticn  ind  Strouha?  nu/td;ei . 

Envelope  values  for  the  stumming  normal  drag  coefficient  of  a  smooth 
circular  flexible  cable  can  be  predicted  by: 

CDs  -  CD  [1  ♦  io(|-)2]. 

c 

where  d  is  the  cable  disaster  and  mc  i.c  the  virtual  mass  of  the  cable  per 
unit  length.  This  equation  has  been  verified  for  cables  from  0.057  to 
0.140  in.  in'  diameter  and  for  a  mass  range  of  1.16  x  10"4  to  9.30  x 
10“ 4  slug,  within  the  Reynolds  number  r~  ige  300  to  1300. 
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DISCUSSION 

BACKGROUND 

The  dependence  of  normal  cable  drag  cm  cable  strumming  w,\s  observed  on 
free  streaming  cables  Kith  terminal  weights1 *.  Small  variations  in  cable 
angle  were  observed  simultaneously  with  changes  in  vibration  amplitude. 

The  dependence  of  drag  on  rigid  cylinder  oscillations  was  shown  by  Bishop 
and  Hassan3.  When  their  rigid  cylinder  was  forced  to  oscillate  at  a  fre¬ 
quency  in  counterpoint  with  the  natural  wake  frequency,  an  increase  in  drag 
was  observed.  Also,  this  dependence  has  been  inferred  by  high  amplitude 
transverse,  resonant  vibrations.  WinJnorst4  reports  such  a  condition  for 
a  spring  mounted  rigid  cylinder  when  the  natural  vortex  shedding  frequency 
coincided  with  the  spring-mass  natural  frequency. 

The  authors5 6  have  reported  on  similar  resonant  amplitudes  as  well  as 
cable  tone  effects  on  flexible  cables.  Transverse  standing  wave  vibrations 
were  forced  by  the  interaction  of  the  vater  flow  with  the  cable.  When  the 
flow  velocity  was  gradually  varied,  transitions  in  amplitude  and  frequency 
were  reported  at  discrete  velocities  each  tire  the  number  of  standing  waves 
changed  by  one.  The  frequency  interval  between  successive  transitions  and 
a  specific  standing  wavelength  characterized  a  numbered  partial  vibration 
mode.  (The  term  partial  is  used  instead  of  harmonic  because  the  frequencies 
are  not  even  multiples  of  the  fundamental.)  Correlation  was  obtained  with 
the  string  equation, 


where  the  forcing  frequency  was  approximately  defined  by  the  Strouhal 
number. 


1.  See  pg  Hi. 

3 „  Bishop,  E.  D.  and  Basean,  A.  I.,  May  1963 ;  The  Lift  and  Drag 

Forces  on  a  Circular  Cylinder  Oscillating  in  a  Flowing  Fluid; 
University  CoVsgs,  London ,  Dept  of  ME. 

4.  Meier-Windhoret ;  Aug  1939;  Flam  Induced  Vibrations  of  Cylinders  in 
Uniform  Flow;  Munich  Tecknisahe  Eochechule }  Bydraulischs  Inst.  Mitt, 

Heft  9. 

6.  Dais,  J.  R.,  st  al ,  Sep  1966;  Dynamic  Characteristics  of  Underwater 
Cables  -  Flow  Induced  Transverse  Vibrations;  NAVAIRDEVCEN  Report  Bo. 
BADC-AE-6620. 
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The  amplitude  of  each  standing  v&.'e  vibration  is  a  minimum  for  the  vel¬ 
ocity  just  prior  to  each  transition  -  frequently  zero.  Within  each  partial 
mode,  a  maximum  amplitude  is  readied  when  the  forced  vibration  frequency 
eouals  the  natural  cable  frequency  of  the  vibrating  segments.  The  normal 
drag  coefficient  was  expected  to  be  directly  dependent  on  these  amplitude 
variations . 

DRAG  AND  STRUMMING  MEASUREMENTS 

Because  of  the  dependence  of  cable  drag  upon  cable  strumming,  diagnostic 
instrumentation  was  developed  to  measure  both  effects  simultaneously. 


Cable  Drag  Coefficient 


An  experimental  technique  was  developed  to  determine  cDs  for  normal 
flow  by  towing  a  test  cable  through  water.  (The  symbol  Cps  is  used  to 
designate  the  normal  drag  coefficient  for  a  strumming  cable,  while  Cp  is 
used  for  a  nonstrumming  cylinder.)  The  lower  free  end  of  the  cable  was 
attached  to  a  smooth  surfaced,  2-in.  diameter,  0. 504-lb  sphere,  used  as  a 
standard  of  known  weight  and  known  velocity  dependent  drag  force.  The  cable 
drag  angle  at  the  tow  point  was  measured  photoelectrically  using  a  rotating 
vane,  and  correction  was  made  for  the  bow  in  the  streaming  cable.  The  nor¬ 
mal  water  force  per  unit  cable  length  was  determined  by  summing  the  force 
moments  about  the  tow  point.  The  normal  Cps  was  computed  by  usim;  this 
force  and  the  actual  cable  diameter,- 


The  accuracy  of  the  Cps  determination  was  enhanced  by  a  prudent 
selection  if  cable  length  and  drag  to  weight  ratio  of  the  sphere  standard. 
Cable  lengths  from  3  to  4  ft  were  used  because  longer  cables  generally  are 
excited  with  multiple  frequency  beating  effects  which  obscure  the  classical 
signature  of  the  strumming  signal.  The  Cds  determination  was  estimated  to 
be  valid  within  10  percent  when  the  angle  and  velocity  were  measured  to  2 
and  3  significant  figures,  respectively. 


Strumming  Force 


The  periodic  strumming  forces,  representing  cable  tensioi  oscillations, 
were  determined  by  measuring  the  accelerations  of  a  spring  mounted  mass. 

The  mass  and  spring  supported  the  cable  at  the  tow  point  (fixed  end).  The 
spring  constant  and  mass  were  selected  such  that  the  spring  restoring  force 
was  small  compared  to  the  force  to  accelerate  the  mass.  Accordingly,  the 
force  determination  was  .essentially  the  product  of  mass  times  acceleration. 


The  instrumentation,  is  shown  in  figure  1.  The  test  cable  was  towed 
by  a  rotating  arm  with  a  7-ft  radius.  During  each  test  the  angular  vel¬ 
ocity  of  the  arm  was  varied  such  that  the  free  stream  tow  velocity  gradu¬ 
ally  decreased  from  1.2  to  0  kn  in  approximately  2  min.  This  provided 
data  over  the  Reynolds  number  range  of  interest,  and  spanned  several 
partial  vibration  modes. 


FIGURE  1  -  Instrumentation  for  Measurement  of  Cable  Drag  Angle  and  Strumming  Accelerations 
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A  segment  of  the  raw  data  recording  for  a  0.107- in.  diameter,  36-in. 
long  cable  is  illustrated  on  figure  2.  Three  partial  vibration  modes 
are  indicated  by  the  three  triangular  forma  of  the  acceleration  signal. 
Starting  from  the  high  velocity  end  these  modes  correspond  to  the  fourth, 
third,  and  second  partials  with  half  wavelengths  of  9,  12,  and  18  in. 
respectively.  The  trace  of  the  cable  drag  angle  humps  during  these  partial 
vibrations,  indicative  of  an  increase  in  cable  drag.  The  cable  drag  angle 
is  responsive  to  the  unstable  bursts  preceding  the  amplitude  transitions 
of  the  acceleration  trace. 

The  normal  drag  coefficient,  CD,,  for  the  strumming  cable,  and  the 
periodic  strumming  force  are  plotted  against  Reynolds  number  in  figure  3. 
The  normal  drag  coefficient,  Cq,  for  a  nonstrunming  circular  cylinder  is 
also  plotted  as  a  reference.  Each  sawtooth  form  represents  a  discrete 
partial  vibration.  The  minimum  points  were  between  th»  parti ais  or  near 
the  transitions  wher u  the  cable  vibrations  decayed  to  a  low  level.  As 
indicated,  the  minimus  points  approached  the  nonvibrating  Cq  reference 
plot,  which  was  expected  for  the  low  level  vibrations.  Both  Cd5  and  F 
show  the  same  phase  relationship.  This  implies  that  the  drag  is  related 
to  the  aaqilitude  of  vibration,  because  the  cable  tension  variation  F  is 
in  phase  with  the  elongation  of  the  cable  or  transverse  amplitude.  The 
peak  values  must  represent  the  true  partial  vibration,  where  the  natural 
frequency  for  that  particular  standing  wave  is  in  counterpoint  with  the 
frequency  of  the  water  exciting  function.  This  resonance  effect  is  pre¬ 
sented  in  more  detail  by  Windhorst4  and  the  authors5. 

The  maximum  and  minimum  points  of  these  sawtooth  characteristics 
occur  at  different  Nge  when  the  cable  length  is  changed.  This  can  be 
seen  from  the  string  equation  (1),  where  a  change  in  L  will  result  in  a 
different  f  for  the  same  numbered  partial  n.  The  water  forces  excite  the 
cable  at  this  new  f  at  a  different  velocity  or  Nr6.  The  peak  values  of 
the  parameters,  therefore,  describe  an  envelope  which  is  independent  of 
cable  length.  (Envelope  values  will  be  inferred  with  reference  to  Cos 
and  F  for  the  balance  of  this  work.) 

ANALYTICAL  MODEL 

Present  scaling  laws6,  describing  the  drag  of  bluff  bodies,  relate 
the  drag  to  appropriate  parameters  of  the  near  wake.  These  parameters 
are  associated  with  the  well  known  alternately  shedding  vortices  (Karman 
wake) .  The  near  wake  characteristics  of  a  strumming  flexible  cable  are 


4.  See  pg  1 . 

5.  See  jpg  1. 

6 .  Roehko ,  A.,  Feb  1955 ;  On  the  Wake  and  Drag  of  Bluff  Bodies; 
J  of  Aero  Sciences ;  Pg  124 . 
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FIGURE  3  -  Struaeing  Drag  Coefficient  and  Struaaing  Force  for  a  Saooeh 
Cylindrical  Cable  G. 107-In.  Diaaeter,  3  Ft  Long 
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known  to  deviate  from  the  classical  Kazaan  wake  concept1*  7 .  because  of 
the  lack  of  guidelines  to  formulate  a  tractable  drag  equation  for  the 
strumming  cable,  a  drag  aodel  with  a  virtual  dimeter  was  postulated. 

The  transverse  vibrations  of  a  smooth  circular  st running  cable  are 
assumed  to  appear  to  the  flow  as  a  larger  dimeter  (virtual  dianeter,  dy), 
smooth,  circular,  nonstruu&ing  cable.  The  virtual  dianeter  is  then  related 
to  the  equivalent  projected  dianeter  ti*©3  e  factor  which  egresses  the 
effectiveness  of  this  projected  dianeter  in  blocking  the  flow.  This 
effectiveness  factor  is  the  ratio  of  the  assuaed  harmonic  transverse  cable 
velocity  to  the  free  stress  velocity. 

The  strumming  cable  drag  coefficient  for  normal  flow  has  the  form: 


Adn 

C|)s  *  Cp  np  "  Cq  (1  +  -rp-  Cf) , 


In  terns  of  cable  paraneters  the  equation  reduces  to: 

CDs  *  CD  [1  +  a  (£)*  +  °],  (4) 

■c 

where  a  and  a  are  ccnstwits  to  be  determined  from  experiment ation .  CL 
is  seen  to  be  dependent  only  on  the  drag  coefficient  CD  for  a  circular5 
nonstrunaing  cable  of  dianeter  d,  the  cable  dianeter  d,  and  the  cable 
virtual  mass  per  unit  length  n^..  Details  of  this  derivation  are  presented 
in  appendix  A. 

EXPERIMENTAL  STUDY 


Equation  (4)  was  verified  by  experimental  determination  of  Cna  over 
a  diameter  range  from  C.0J7  to  0.140  in.  and  a  d2/mc  range  from  0.123  to 
0.315  ftVlb  sec2.  All  cables  were  smooth  and  flexible  with  circular 
sections.  (A  cable  is  considered  flexible  when  the  internal  reacting 
bending  nonenta  are  mall  relative  to  the  external  bending  moments. ) 

Corresponding  cable  paraneters  are  listed  in  tdble  1.  Each  test 
cable  was  towed  throvgh  a  gradually  decreasing  velocity  range  from  about 
1.2  to  0  km.  The  drag  angle  and  the  periodic  acceleration  of  the  fixed 
end  rasas  were  measured  simultaneously. 

4.  See  pg  1. 

7.  Sokind*l>  L,  iU , .  et  al.  Oat  1986;  An  Investigation  of  Tovoee  on 
an  Old  Hating  Cylinder  for  Applioation  to  Ground  Mind  Loads  on 
Launch  VAkielee;  MIT  Aerophyeioe  Lab  TR  110. 
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TABLE  I 
CABLE  PARAMETERS 


d 

“c 

d2/mc 

Measured 

^Equation  (2) 

(itt.) 

U'a  sec2  ft2) 

(ft4/lb  sec2) 

cDs/cD 

Cds/Cd 

0.057 

1.16  x  10-4 

0.195 

1.25 

1.38 

0.107 

4A!$  x  10- 4 

0.195 

1.36 

1.38 

0.128 

3 .is>)  x  10“4 

0.315 

2.00 

1.99 

0.128 

9.30  x  10“* 

0.123 

1.04 

1.15 

0.140 

6.84  x  10-4 

0.199 

1.52 

1.40 

*  For 

experimental  scaling  const-Jits  a  * 

10,  and  o  *  1. 

By  interpreting  the  numbered  partial  vibration  nodes  from  the  acceler¬ 
ation  signature,  the  highest  value  for  each  specific  partial  was 
determined.  The  highest  Cps  value  was  generally  found  where  the  acceler¬ 
ation  amplitude  was  the  highest.  This  generally  coincided  with  the  hump 
in  the  drag  angle  trace.  In  this  way  the  envelope  of  the  Cps  values  was 
defined  for  each  cable.  Three  cables  were  selected  with  approximately 
the  sane  d2/mc  ratio  of  0.19S  ft 4 /lb  sec2  but  with  diameters  of  u.057, 
0.107,  and  0.140  in.  (Insulated  electrical  cables  over  a  wide  range  of 
diameters  will  generally  have  ratios  around  this  value  since  mc  varies 
approximately  with  d2.) 

The  data  points  and  corresponding  envelopes  are  shown  on  figure  4 
against  %e.  By  plotting  the  data  against  Nge>  the  relative  magnitude  of 
the  Cos  values  can  be  compared  to  the  reference  Cq  curve  for  a  smooth, Cir¬ 
cular  (nonstrunaing)  cable.  Each  of  the  three  curves  runs  approximately 
parallel  to  the  C$  reference  curve,  implying  that  Cq$  is  independent  of 
water  velocity  in  accordance  with  equation  (4).  The  data  points  for  these 
cables  fall  within  a  Cq*  range  of  1.3  to  1.6  and  appear  to  be  approximated 
by  a  constant  factor  times  Cp  as  inferred  by  equation  (4)  -  particularly 
true  for  the  0.057  and  0.107  in.  diameter  cables. 

Two  additional  cables  were  selected  with  identical  diameters  of  0.128 
in.,  but  with  d 2/nic  ratios  of  0.123  and  0.315  ft4/lb  sec2.  These  extreme 
values  were  Obtained  using  cables  with  a  mercury  filled  core  and  a  hollow 
core,  respectively.  The  cable  with  the  high  ratio  had  a  high  Cps  envelope, 
about  2.0  on  figure  4,  while  the  low  ratio  cable  had  Cqs  values  falling 
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FIGURE  4  -  Drag  Coefficients  of  Snooth  Circular  Strunming  Cables 
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close  to  the  reference  CD  curve  at  about  1.0.  Again,  the  envelopes,  infer 
independence  of  water  velocity  by  paralleling  the  reference  Cp  curve.  In 
general,  the  magnitude  of  the  strumming  forces  on  the  fixed  end  mass  showed 
a  direct  relationship  with  the  ratio  dvmc. 

To  obtain  a  check  on  the  absolute  values  of  Cps  for  the  various  cables, 
each  cable  was  tabbed  at  discrete  intervals  to  minimize  the  strumming  ampli¬ 
tude.  (The  Cps  values  should  then  fall  close  to  the  reference  Cp  curve. 

This  would  check  the  ability  of  the  drag  measuring  technique  to  reproduce 
the  reference  Cp  curve  and  add  credence  to  the  absolute  values  of  Cp5  for 
the  strumming  cables.)  The  test  cables  were  tabbed  with  1/2  in.  masking 
tape  1-in.  long,  applied  as  localized  flow  splitters.  They  were  placed  at 
near  antinode  positions  for  the  range  of  standing  wavelengths  expected  and 
a  slight  correction  was  made  for  the  localized  decrease  in  Cp  caused  by  the 
taba.  Most  of  the  resulting  Cps  values  fell  within  5  percent  of  the  Cp 
curve,  with  an  occasional  high  or  low  velocity  point  falling  within  10 
percent. 

The  constants  from  equation  (4),  a  and  a  ,  were  evaluated  from  the 
data  of  figure  4.  The  best  fit  values  were  a  =  10,  a  *  1.  Using  these 
values  in  equation  (4) ,  predicted  values  of  Cps/Cp  were  compared  with  the 
measured  values  of  Cps/Cp  in  table  I.  Reasonable  correlation  was  obtained 
between  «.hese  ratios  for  the  range  of  d  and  mc  tested.  If  a  nominal  value 
for  d2/mic  is  0.195  ft4/lb  sec2  for  insulated  electrical  cables,  equation 
(4)  reduces  to  Cps/Cp  =  1.38.  For  a  rule  of  thumb,  cable  strumming  results 
in  approximately  a  38  percent  increase  in  the  normal  drag  coefficient. 

CABLE  PERFORMANCE  -  SPECIAL  DESIGNS 

Drag  coefficients  and  strumming  force  levels  have  been  determined  for 
four  cable  designs  with  interesting  characteristics.  These  designs  were: 

1.  twisted  pair, 

2.  antinode  splitters, 

3.  weathervane  fairing,  and 

4.  f,haired"  streamers. 

The  strumming  normal  drag  coefficients  are  shown  on  figure  5  and  the 
periodic  strumming  forces  on  figure  6.  A  physical  description  is  schemat¬ 
ically  illustrated  on  figure  5,  and  values  of  the  respective  parameters 
are  plotted  with  the  0.107-in.  diameter  smooth  circular  cable  for  reference. 

Twisted  Pair 


These  data  were  included  because  of  the  simplicity  of  fabrication. 

The  diameter  of  each  cable  was  0.0b7  in.,  ani  the  integrated  diameter  used 
for  the  drag  coefficient  ves  0.093  in.  Both  Cp5  and  F  were  lower,  compared 
to  the  reference  cable.  Best  results  were  obtained  when  the  pitch  was 
about  15  diameters,  based  on  0.057-in.  diameter. 
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Antinode  Splitters 

When  localized  splitters  were  attached  at  the  antinodes  for  a.  specific 
partial,  the  strumming  forces  at  frequencies  equal  to  or  less  than  the 
partial  were  less  than  the  noise  threshold  of  *0.003  lb.  Considering  the 
test  cable  length  of  36  in.  with  a  9  in.  tab  pitch.,  this  condition  existed 
for  paxtials  1  and  2  with  segment  lengths  of  36  and  18  in. ,  respectively. 
As  the  frequency  increased  to  higher  partials,  the  forces  became  progres¬ 
sively  higher,  and  the  level  of  the  nontabbed  reference  cable  was  reached 
when  the  tabs  were  at  the  nodes.  This  condition  was  reached  at  the  4th 
partial,  with  a  9  in.  segment  len^'h.  The  affect  of  the  higher  level 
strunaing  at  the  high  velocities  ^s  reflected  in  the  Cps  plot.  The  most 
effective  tab  geometry  was  10  diameters  with  the  stream  and  20  diameters 
along  the  cable. 

Weathervane  Fairing 

This  was  an  omnidirectional  fairing  that  was  effective  in  reducing 
the  drag  coefficient  and  kept  the  strumming  force  level  below  the  noise 
threshold  of  *0.003  lb. 

Haired  Streamers 


This  was  a  promising  omnidirectional  design,  because  of  its  simplicity. 
The  hairs  were  oriented  spirally  on  about  a  9-in.  pitch.  Cotton  thread. 

No.  50  grade,  was  used  for  the  hairs.  The  strumming  forces  were  below 
the  *0.003  lb  noise  threshold.  When  the  hairs  were  not  spirally  attached, 
best  results  were  obtained  with  the  hairs  attached  to  tne  downstream  edge 
of  the  cable.  The  drag  coefficient  increased  at  the  lower  velocities 
because  the  hail's  bent  outward  -  their  natural  position. 
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APPENDIX  A 

DERIVATION  OF  THE  STRUMMING  CABLE  DRAG  COEFFICIENT,  CDs 


The  normal  drag  coefficient  for  a  st  mating  cable,  considering  a  unit 
cable  length,  is  defined  as: 


cDs 


dp  •=— 
^  2g 


fA-1) 


The  transverse  standing  wave  vibrations  are  illustrated  schematically 
in  figure  A-l  and  ue  assused  to  appear  to  the  flow  as  a  circular  non- 
st naming  cylinder  with  a  larger  diameter,  termed  the  virtual  diameter, 
dv.  The  normal  drag  force  per  unit  length  of  the  cylinder  is: 


£c  »  CDV  2jf  •  (A-2) 

Combining  equations  (A-l)  and  (A-2)  gives: 


cDs 


m 


cD  . 


(A-3) 


The  virtual  diameter  is  assused  to  be  the  sun  of  the  cable  diameter 
and  the  increase  in  diameter  resulting  from  the  cable  vibrations: 

dy  ■  d  +  AdpO  (A-4) 

where  AdL  is  the  change  in  the  effective  projected  diameter  (on  a  plane 
parallel* to  the  transverse  vibrations)  and  a  represents  the  effectiveness 
of  the  flow  blockage.  Equation  (A-3)  than  reduces  to, 

cDs  *  CD  (1  +  T*  o)  (A-5) 

The  change  in  projected  diameter  Adp  is  obtained  by  dividing  the  projected 
area  of  one  wave  segment  by  its  length  A.  Assuming  the  cable  curvature  to 
be  a  sine  f'nction  as  illustrated  on  figure  A-l, 


o 


-  A-l  - 
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The  a  factor  is  assuaed  to  depend  on  the  ratio  of  the  transverse  harmonic 
cable  velocity  to  the  water  velocity  noxaal  to  the  cable.  By  dimensional 
analysis  and  application  of  the  Strouhal  number, 

o  -  a  (  ~  )°  -  «  (21**1 )®  !(A-7) 

a 

Combining  equations  (A-5),  (A-6),  and  (A- 7), 

cDs  "  CD  t1  +  a  if  (2irstj)<>] 
or  equating  the  constant  to  a'. 


CDs  «  CD  [1  +  a’  (f)1  *  °  1  (A-8) 

To  deteraine  an  approximation  for  the  cable  amplitude  r  in  teras  of 
physical  parameters,  each  vibrating  segaent  is  assumed  to  be  represented 
as  a  resonant  spring-mass  system,  or: 


r  ■ 


Kx 


u  2  2 
(  —  )  ]  + 
% 


(2  £L  ) 

1 c,  wn  } 


(A-9) 


For  resonance  w  »  u_/  1  -  (C/cc)2  ,  is  approximated  as  4T/1  and  the 

magnitude  of  the  lift  force  F  is  assuaed  to  be  represented  by 
F  *  Cf,dtpu£/2g.  Equation  (A-9)  then  reduces  to, 

r  - , - ~ (<U2u*/T)  (A- 10) 

8g  y4(C/Cc)z  -  3(C/Cc)4 

Upon  substitution  of  the  string  equation  (1),  and  the  Strouhal  number  (2), 

CLP  , 

r  - -j - -  (d3/«c)  (A- 11) 

4S*8g  4(C/Cc) 2  -  3(C/Cc)4 

Assuming  the  coefficient  of  d2/ac  to  be  constant  for  saooth  circular 
flexible  cables  equation  (A- 11)  reduces  to. 


CCS  “  CD  U  +  a  (d2/ac) 1  +  °] 


(A- 12) 
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FLOW  NORMAL  TO  PLANE  OF  PAPER 


FIGURE  A-l  -  Analytical  Model  Showing  Transverse 
Standing  Wave  Cable  Vibrations 
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